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Ab initio close-coupling calculations are reported using the R-matrix method for photoionization cross
sections (sPI), oscillator strengths ( f values!, and energy levels ~E! for oxygen ions: O I, O II, O III, O IV, O V,
O VI, and O VII. Total, partial, and state-specific photoionization cross sections are computed and investigated
in detail. Important features are found that should affect overall photoionization and recombination, especially
at high temperatures and energies. Although these ions have been previously studied individually, present work
aims at studying them as an isonuclear sequence and obtaining more accurate and complete results for appli-
cations. More extended eigenfunction expansions than in previous works, including n53 states, show corre-
lation effects primarily manifested as additional groups of resonances in photoionization of oxygen ions such
as O VI and O VII that are of importance in extreme ultraviolet and x-ray laboratory and astrophysical plasmas.
Lifetimes of excited bound states are obtained from the present oscillator strengths and compared with experi-
ments. The computed radiative atomic parameters, energy levels, oscillator strengths, and photoionization cross
sections constitute a larger dataset than the Opacity Project data @M. J. Seaton, J. Phys. B 20, 6363 ~1987!#,
with which comparisons are made. @S1050-2947~98!08711-3#
PACS number~s!: 32.80.FbI. INTRODUCTION
Oxygen is an important element because of its existence
in the Earth’s atmosphere as well as in many astrophysical
and laboratory spectra. For the analysis of the spectra and
various other applications, radiative atomic quantities are re-
quired for all ionization stages. The present work reports the
radiative data for energy values (E), oscillator strengths ( f
values!, and photoionization cross sections (sPI) for the oxy-
gen ions O I–O VII. These ions were previously studied indi-
vidually, along isoelectronic sequences, under the Opacity
Project ~OP! @1#. These studies include work on O I by Butler
and Zeippen @2#, on O II by Burke and Lennon @3#, on O III
by Luo et al. ~@5#, see also Nahar and Pradhan @6#!, O IV by
Fernley et al. @7#, O V by Tully et al. @8#, on O VI by Peach
et al. @9#, on O VII by Fernley et al. @10#, and on O VIII by
Seaton @12#. The OP close coupling calculations for the (e
1ion) system limited the eigenfunction expansions to the
n52 states of the target ion, thereby restricting some elec-
tron correlation effects important at higher energies and for
photoionization of excited states. The calculations for O VI
and O VII did not include any electron-electron correlation
effects. Inclusion of these effects in the present work has
resulted in detailed resonance structures in the photoioniza-
tion cross sections and enhancement in the background cross
sections at the additional ionization thresholds in the eigen-
function expansions employed. One important high-energy
feature in the cross sections is the photoexcitation of core
~PEC!, which introduces a wider resonance affecting the
background considerably. The present work studies the oxy-
gen isonuclear sequence to illustrate these features, and pro-
vides more consistent and complete data for applications,
such as for determination of oxygen ionization fractions in a
plasma source.
The calculations are carried out in the close-coupling
~CC! approximation employing the R-matrix method. Partial
cross sections for photoionization of the ground state of eachPRA 581050-2947/98/58~5!/3766~17!/$15.00oxygen ion, into the ground and a number of excited states of
the residual ion, are also presented. A further reason for the
recomputation of the radiative data for the oxygen ions in a
more complete manner was to calculate the total recombina-
tion rate coefficients, aR(T), for these ions employing the
unified treatment @13#. The unified treatment for total recom-
bination rate coefficients requires partial photoionization
cross sections leaving the residual core in the ground state,
rather than the total cross sections that are usually computed
~such as in the OP work!. The f values are also needed for
radiative transition probabilities in the calculations for the
dielectronic recombination cross sections. Hence a consistent
set of radiative parameters for both the bound-bound transi-
tions, f values, and the bound-free transitions, sPI , in oxygen
ions are obtained.
II. COMPUTATIONS
The theoretical details for the computations of photoion-
ization cross sections and oscillator strengths in the close-
coupling approximation employing the R-matrix method are
given in previous papers @1,15#. Here only the computational
details relevant to the present work for the radiative data of
oxygen ions are described. The residual core ion, termed the
‘‘target,’’ is represented as an N-electron system. The wave-
function expansion, C(E), for a given symmetry, SLp , of
the total (N11)-electron system is represented in terms of
the core or the ‘‘target’’ ion states as
C~E !5A(
i
x iu i1(j c jF j , ~2.1!
where x i is the target ion wave function in a specific state
SiLip i and u i is the wave function for the (N11)th electron
in a channel labeled as SiLip ik i
2l i(SLp), ki2 being its en-
ergy. ki
2 is ,0 for bound states and >0 for free states. F j’s
are the bound channel wave functions of the (N11)-electron3766 ©1998 The American Physical Society
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term and compensates for the orthogonality condition of the
total wave function.
In principle, the first expansion of the above equation
should have an infinite number of target terms, however, in
reality the number is limited based on a few criteria. The
target terms are selected such that electron-electron correla-
tions effects are well represented within the energy range of
consideration and the term contributions have converged. It
is also important to include all the terms at all energies of
interest. For example, the expansion may contain overlap-
ping states from two different complexes, such as from n
52 and 3 of O II, as shown in Table I. Omission of states of
the higher complex from the expansion, which was often a
choice in the earlier works, would affect the results in several
ways. If an omitted state is a low-lying one, (N11)-electron
bound states with the omitted target state can not be ob-
tained, and the corresponding oscillator strengths for transi-
tions involving these states will also be missing. The effect
on the photoionization cross sections will be seen as missing
Rydberg series of resonances belonging to the omitted state.
The loss may be considerable if the omitted state is acces-
sible via dipole allowed transition from the target ground
state, which introduces the prominent PEC resonance in
excited-state photoionization cross sections. The PEC reso-
nances @16# occur when the outer electron remains a specta-
tor while the core is excited via a dipole allowed transition.
One important criterion in the choice of the eigenfunction
expansions is the inclusion of PEC resonances at relatively
high energies. The effect of PEC decreases at very high tar-
get energies when transition probability for the core transi-
tion reduces significantly. Present eigenfunction expansions
are selected so as to optimize the inclusion of these effects.
The targets in an isonuclear sequence do not show a specific
order of terms as often seen in the case of the isoelectronic
sequence. Thus, the number of terms and importance of com-
plexes are different for each ion in the sequence.
The target states in the CC eigenfunction expansion for
each oxygen ion employed are given in Table I. The orbital
wave functions of the targets are obtained from the atomic
structure calculations using the code SUPERSTRUCTURE @17#.
The spectroscopic and correlation configurations and the val-
ues of the scaling parameter, l(nl), of the Thomas-Fermi-
Dirac potential for each ion are also listed. The calculated
target state energies are replaced by the observed ones, given
in Table I, in the R-matrix computations to obtain more ac-
curate positions for the Rydberg series of resonances. Some
details of the eigenfunction expansion for each ion are dis-
cussed below.
An eigenfunction expansion of eight LS terms of O II
~Table I!, which includes the 3s orbital states
2p23s(4P ,2P), is employed in the computation for the ra-
diative data of (e1O II)!O I. The 3s states were not in-
cluded in the OP calculations by Butler and Zeippen @2# who
employed an eigenfunction expansion restricted to the n52
complex. The target states with the 3s orbital lie between the
states 2s2p4(2D ,2S) and play a crucial role in terms of en-
ergy levels and resonances, especially for PEC resonances
due to dipole allowed transition of the ground state, 4So to
the 3s(4P) state in O II. In a recent calculations for photo-
ionization cross sections of the 3 states of ground configura-tion, Bell et al. @18# have employed an 11-CC expansion,
which includes both the 4P states as in the present case. The
three additional states they have considered are not expected
to contribute significantly, as they lie high for bound-state
formation and not connected to the ground state via a dipole
allowed transitions, yet may provide better high energy be-
havior for the cross sections. For the second term of Eq. ~1!,
which is the sum over the bound-channel wave functions, all
possible combination of (N11)-electron configurations up
to 3p2 and 3d2 are included.
A 12-CC eigenfunction expansion is employed for the
(e1O III)!O II radiative calculations. In a previous work
Burke and Lennon @3# also implemented a 12-CC expansion
but did not include the 3s orbital, thereby missed the impor-
tant 2s22p3s(3Po) state that is connected via a dipole al-
lowed transition to the ground 2s22p2(3P) state and gives
rise to a PEC resonance. The bound-channel expansion of
(N11)-electron configurations includes all states dominated
by configurations with n54 orbitals up to the 4s and the 4p .
For the radiative calculations for (e1O IV)!O III a
23-CC eigenfunction expansion @20# ~Table I! including or-
bitals up to 3d is chosen. The expansion in the earlier works
@5,6# is limited to the target states of the n52 complex. The
present expansion includes 11 dipole allowed transitions of
the target ground state, 2p(2Po), compared to 3 in the pre-
vious 8-CC expansion @5,6#. The bound channel expansion
includes all possible (N11)-electron states dominated by
configurations 2p4, 3p2, and 3d2, i.e., configurations with
up to 4 electrons in the 2p orbital and 2 electrons in the 3p
and the 3d orbitals.
For (e1O V)!O IV radiative data, a 12-CC eigenfunc-
tion expansion is used that includes states with target con-
figurations including the 3d ~given in Table I!. The earlier
work of Fernley et al. @7# considers the 6 lowest states in n
52 complex. However, contributions from the n53 com-
plex can be significant in the high-energy region for O IV, as
we show below. Analogous to the case of O III, the bound
channel expansion in C includes all (N11)-electron states
up to configurations 2p3, 3s2, 3p2, and 3d2.
The radiative calculations for e1O VI!O V use a 9-CC
target expansion ~Table I!. This is an extension of the 5-CC
eigenfunction expansion used in the work by Tully et al. @8#
by four additional states of the n54 complex, up to 1s24 f
and including the state 1s24p(2Po) for the dipole allowed
transition by the ground state 1s22s(2S) of O VI. For the
bound channel expansion all states from configurations of
3p2, and 3d2, and those with single occupancy 4s , 4p , 4d ,
and 4 f orbitals are included.
Calculations for radiative data for (e1O VII)!O VI are
obtained using an 11-CC eigenfunction expansion including
states up to the orbital 3d ~Table I!. In the previous OP work
Peach et al. @9# employ a very limited 2-CC expansion. In
spite of the small number of electrons, it turns to be rather
difficult to carry out close-coupling R-matrix calculations for
the He-like and H-like target ions. Numerical instabilities
associated with the R-matrix basis functions in the inner re-
gions could introduce unphysical oscillations in the photo-
ionization cross sections. It is therefore required to optimize
the calculations with a large R-matrix basis, as, for example,
in the work of Ref. @14# for He-like and H-like carbon and
nitrogen ions. The present work uses a basis set of 50 func-
3768 PRA 58SULTANA N. NAHARTABLE I. The target states with their energies ~in Rydberg! in the eigenfunction expansions of oxygen ions: the spectroscopic and
correlation configurations, and the values of Thomas-Fermi scaling parameter l(nl), are as follows. O II: Spectroscopic: 2s22p3, 2s2p4,
2s22p23s . Correlation: 2s22p23p , 2s22p23d , 2p5, 2s2p33s , 2s2p33p , 2s2p33d . l(nl): 1.35(1s), 1.25(2s), 1.12(2p), 1.07(3s),
1.05(3p), 2.10(3d). O III: Spectroscopic: 2s22p2, 2s2p3, 2s22p3s , 2p4. Correlation: 2s23s2, 2s23p2, 2s23d3, 2s24s2, 2s24p2,
2s22p3p , 2s22p3d , 2s22p4s , 2s22p4p , 2s23s3p , 2s23s4s , 2s23p3d , 2s2p23s , 2s2p23p , 2s2p23d , 2p33s , 2p33p , 2p33d . l(nl):
1.47637(1s), 1.27184(2s), 1.19306(2p), 1.22385(3s), 1.32(3p), 20.96476(3d), 20.74971(4s), 20.79911(4p). O IV: Spectroscopic:
2s22p , 2s2p2, 2p3, 2s23s , 2s23p , 2s23d , 2s2p3s , 2s2p3p . Correlation: 2s3d2, 2s2p3d , 2p23s , 2p23p , 2p23d . l(nl):
1.42496(1s),1.38027(2s),1.17735(2p),1.56085(3s),1.38926(3p),1.97512(3d). O V: Spectroscopic: 2s2, 2s2p , 2p2, 2s3s ,
2s3p , 2s3d . Correlation: 2s4s , 2s4p , 2p3s , 2p3p . l(nl): 1.4(1s),1.4(2s),1.127(2p),1.2(3s),1.1(3p),1.1(3d),
10.6115(4s),4.37106(4p). O VI: Spectroscopic: 1s22s , 1s22p , 1s23s , 1s23p , 1s23d , 1s24s , 1s24p , 1s24d , 1s24 f . Correlation:
1s2s2, 1s2p2, 1s3s2, 1s3p2, 1s3d2, 1s2s2p , 1s2s3s , 1s2s3p , 1s2s3d , 1s2p3s , 1s2p3d . l(nl): 1.30117(1s), 0.99782(2s),
0.87558(2p), 0.98747(3s), 0.86738(3p), 0.80564(3d), 0.98598(4s), 0.86603(4p), 0.79571(4d), 0.77675(4 f ). O VII: Spectroscopic:
1s2, 1s2s , 1s2p , 1s3s , 1s3p , 1s3d . Correlation: 2s2, 2p2, 3s2, 3p2, 3d2, 2s2p , 2s3s , 2s3p , 2s3d , 2s4s , 2s4p , 2p3s , 2p3p , 2s3d ,
2s4s , 2s4p . l(nl): 0.991(1s), 0.991(2s), 0.776(2p), 1.16883(3s), 0.91077(3p), 1.00746(3d), 21.59699(4s), 21.61237(4p). O VIII:
Spectroscopic: 1s , 2s , 2p , 3s , 3p , 3d , 4 f , 4d , 4p , 4s . l(nl): 1.0(1s), 1.0(2s), 1.0(2p), 1.0(3s), 1.0(3p), 1.0(3d), 1.0(4s), 1.0(4p),
1.0(4d), 1.0(4 f ).
O II: Present: 8-CC, OP: 8-CC
2s22p3 4So 0.0 2s22p3 2Po 0.368778 2s2p4 2D 1.512628 2s22p23s 2P 1.722373
2s22p3 2Do 0.244389 2s2p4 4P 1.092906 2s22p23s 4P 1.689510 2s2p4 2S 1.783445
O III: Present: 12-CC, OP: 12-CC
2s22p2 3P 0.0 2s2p3 5So 0.549724 2s2p3 1Do 1.704520 2s22p3s 3Po 2.437687
2s22p2 1D 0.184723 2s2p3 3Do 1.093895 2s2p3 3So 1.795986 2s22p3s 1Po 2.488489
2s22p2 1S 0.393517 2s2p3 3Po 1.297496 2s2p3 1Po 1.917839 2p4 3P 2.586781
O IV: Present: 23-CC, OP: 8-CC
2s22p 2Po 0.0 2p3 2Do 2.32300 2s2p3s 4Po 4.12790 2s2p3p 2S 4.49155
2s2p2 4P 0.64820 2p3 2Po 2.63150 2s2p3p 2P 4.26769 2s2p3s 2Po 4.72663
2s2p2 2D 1.15678 2s23s 2S 3.25882 2s2p3p 4D 4.26769 2s2p3p 2D 5.05265
2s2p2 2S 1.49782 2s23p 2Po 3.55594 2s2p3p 4S 4.39977 2s2p3p 2P 5.05265
2s2p2 2P 1.64614 2s23d 2D 3.82317 2s2p3p 4P 4.39977 2s2p3p 2S 5.05265
2p3 4So 2.10520 2s2p3s 4Po 3.99886 2s2p3p 2D 4.39977
O V: Present: 12-CC, OP: 6-CC
2s2 1S 0.0 2p2 3P 1.94780 2s3s 1S 4.98435 2s3p 3Po 5.29286
2s2p 3Po 0.74934 2p2 1D 2.11160 2s3s 3S 5.11472 2s3d 3D 5.47455
2s2p 1Po 1.44707 2p2 1S 2.62363 2s3p 1Po 5.29286 2s3d 1D 5.58256
O VI: Present: 9-CC, OP: 5-CC
1s22s 2S 0.0 1s23p 2Po 6.07102 1s24s 2S 7.86766 1s24d 2D 7.90144
1s22p 2Po 0.88146 1s23d 2D 6.14792 1s24p 2Po 7.86766 1s24 f 2Fo 7.90144
1s23s 2S 5.83247
O VII: Present: 11-CC, OP: 2-CC
1s2 1S 0.0 1s2s 1S 41.812401 1s3s 1S 48.804463 1s3d 1D 48.921834
1s2s 3S 41.231559 1s2p 1Po 42.184389 1s3p 3Po 48.804463 1s3p 1Po 48.921834
1s2p 3Po 41.790521 1s3s 3S 48.650915 1s3d 3D 48.921834
O VIII: Present: 10-CC, OP: 1-CC
1s 2S 0.0 3s 2S 56.8889 4 f 2Fo 60.00 4s 2S 60.00
2s 2S 48.0 3p 2Po 56.8889 4d 2D 60.00
2p 2Po 48.0 3d 2D 56.8889 4p 2Po 60.00tions in the inner region encompassed by the R-matrix
boundary, which involves considerable memory and CPU
requirements. The bound channel expansion of O VI includes
all states corresponding to configurations up to 3p2,
3d2, 4s , and 4p .Finally, a 10-CC eigenfunction expansion is used for the
radiative data calculations for (e1O VIII)!O VII. The ex-
pansion includes three 2Po states (2p , 3p , and 4p) en-
abling dipole allowed transitions from the target gound state
2S . The earlier calculations of Fernley et al. @10# employ a
PRA 58 3769PHOTOINIZATION CROSS SECTIONS AND . . .TABLE II. Comparison of the present calculated energies, E(P), with the measured E(obs) values ~Ref. @21# for all ions except O II for
which the reference is @22#! and of the calculated values under the OP, E~OP!, of first 20 bound states of oxygen ions. Energies are expressed
in Rydberg units and negative signs are omitted for convenience. Nb is the total number of bound states below the ionization threshold
obtained in this work and under the OP.
Term E(obs) E(P) E(OP) Term E(obs) E(P) E(OP)
O I: Nb5107 ~present!, 69 ~OP!
2s22p4(3P) 1.00020 0.9912 1.004 2s22p3 4So3d(3Do) 0.11253 0.1122 0.1115
2s22p4(1D) 0.85631 0.8170 0.8515 2s22p3 4So4p(5P) 0.09790 0.09768 0.09702
2s22p4(1S) 0.69297 0.6634 0.6776 2s22p3 4So4p(3P) 0.09255 0.09186 0.09151
2s22p3 4So3s(5So) 0.32868 0.3330 0.3216 2s22p3 2Do3s(3Do) 0.07922 0.05710 0.07009
2s22p3 4So3s(3So) 0.30110 0.3056 0.2939 2s22p3 4So5s(5So) 0.07035 0.07001 0.6976
2s22p3 4So3p(5P) 0.21149 0.2126 0.2082 2s22p3 4So5s(3So) 0.06766 0.06735 0.06700
2s22p3 4So3p(3P) 0.19324 0.1925 0.1900 2s22p3 2Do3s(1Do) 0.06538 0.04455 0.05615
2s22p3 4So4s(5So) 0.13086 0.1301 0.1293 2s22p3 4So4d(5Do) 0.06353 0.06370 0.06314
2s22p3 4So4s(3So) 0.12404 0.1234 0.1224 2s22p3 4So4d(3Do) 0.06314 0.06312 0.06263
2s22p3 4So3d(5Do) 0.11315 0.1136 0.1122 2s22p3 4So4 f (5F) 0.06259 0.06254 0.06251
O II: Nb5296 ~present!, 219 ~OP!
2s22p3(4So) 2.5814 2.597 2.604 2s22p2(1D)3s(2D) 0.6953 0.6716 0.6751
2s22p3(2Do) 2.3370 2.339 2.349 2s22p2(3P)3p(4Po) 0.6820 0.6804 0.6787
2s22p3(2Po) 2.2126 2.208 2.217 2s22p2(3P)3p(2Do) 0.6528 0.6495 0.6489
2s2p4(4P) 1.4884 1.500 1.515 2s22p2(3P)3p(4So) 0.6480 0.6462 0.6443
2s2p4(2D) 1.0687 1.054 1.075 2s2p4(2P) 0.6435 0.6178 0.6321
2s22p2(3P)3s(4P) 0.8918 0.8872 0.8867 2s22p2(3P)3p(2Po) 0.6293 0.6245 0.6242
2s22p2(3P)3s(2P) 0.8590 0.8544 0.8535 2s22p2(1D)3p(2Fo) 0.4969 0.4770 0.4892
2s2p4(2S) 0.7979 0.7645 0.7843 2s22p2(1D)3p(2Do) 0.4858 0.4675 0.4782
2s22p2(3P)3p(2So) 0.7229 0.7220 0.7210 2s22p2(1S)3s(2S) 0.4799 0.4216 0.4400
2s22p2(3P)3p(4Do) 0.6960 0.6952 0.6936 2s22p2(3P)3d(4F) 0.4724 0.4672 0.4697
O III: Nb5296 ~present!, 267 ~OP!
2s22p2(3P) 4.0358 4.066 4.037 2s22p(2Po)3s(1Po) 1.5492 1.572 1.542
2s22p2(1D) 3.8530 3.875 3.847 2p4(3P) 1.4509 1.422 1.444
2s22p2(1S) 3.6442 3.639 3.626 2S22p(2Po)3p(1P) 1.3863 1.428 1.384
2s2p3(5So) 3.4880 3.522 3.508 2s22p(2Po)3p(3D) 1.3579 1.398 1.355
2s2p3(3Do) 2.9438 2.958 2.945 2s22p(2Po)3p(3S) 1.3262 1.366 1.322
2s2p3(3Po) 2.7402 2.726 2.731 2p4(1D) 1.3195 1.287 1.307
2s2p3(1Do) 2.3332 2.322 2.312 2s22p(2Po)3p(3P) 1.3005 1.337 1.298
2s2p3(3So) 2.2417 2.220 2.216 2s22p(2Po)3p(1D) 1.2439 1.273 1.238
2s2p3(1Po) 2.1199 2.081 2.087 2s22p(2Po)3p(1S) 1.1781 1.203 1.169
2s22p(2Po)3s(3Po) 1.6000 1.635 1.596 2s2p2(4P)4p(3So) 0.0553 0.06102 0.07502
O IV: Nb5109 ~present!, 94 ~OP!
2s22p(2Po) 5.6875 5.674 5.674 2s23d(2D) 1.8666 1.868 1.861
2s2p2(4P) 5.0370 5.031 5.031 2s2p(3Po)3s(4Po) 1.6886 1.687 1.684
2s2p2(2D) 4.5330 4.507 4.514 2s2p(3Po)3s(2Po) 1.5619 1.555 1.552
2s2p2(2S) 4.1920 4.134 4.159 2s2p(3Po)3p(2P) 1.4314 1.428 1.429
2s2p2(2P) 4.0437 4.001 4.014 2s2p(3Po)3p(4D) 1.4197 1.417 1.417
2p3(4So) 3.5799 3.539 3.563 2s2p(3Po)3p(4S) 1.3660 1.363 1.360
2p3(2Do) 3.3645 3.320 3.344 2s2p(3Po)3p(4P) 1.3249 1.320 1.320
2p3(2Po) 3.0560 2.975 3.023 2s2p(3Po)3p(2D) 1.2900 1.282 1.282
2s23s(2S) 2.4310 2.431 2.424 2s24s(2S) 1.2627 1.261 1.260
2s23p(2Po) 2.1339 2.135 2.129 2s2p(3Po)3p(2S) 1.1982 1.184 1.183
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Term E(obs) E(P) E(OP) Term E(obs) E(P) E(OP)
O V: Nb5152 ~present!, 120 ~OP!
2s2(1S) 8.3714 8.357 8.357 2s3d(3D) 2.8969 2.894 2.895
2s2p(3Po) 7.6221 7.608 7.609 2s3d(1D) 2.7889 2.782 2.783
2s2p(1Po) 6.9243 6.892 6.891 2p3s(3Po) 2.4186 2.412 2.413
2p2(3P) 6.4236 6.398 6.398 2p3s(1Po) 2.3162 2.306 2.307
2p2(1D) 6.2598 6.233 6.232 2p3p(1P) 2.2414 2.234 2.236
2p2(1S) 5.7478 5.689 5.682 2p3p(3D) 2.1980 2.191 2.192
2s3s(3S) 3.3871 3.382 3.383 2p3p(3S) 2.1389 2.131 2.132
2s3s(1S) 3.2567 3.251 3.251 2p3p(3P) 2.0873 2.076 2.077
2s3p(1Po) 3.0786 3.073 3.074 2p3d(3Fo) 2.0576 2.054 2.055
2s3p(3Po) 3.0598 3.054 3.055 2p3d(1Do) 2.0414 2.037 2.037
O VI: Nb551 ~present!, 26 ~OP!
1s22s(2S) 10.1516 10.14 10.14 1s25p(2Po) 1.4574 1.457 1.457
1s22p(2Po) 9.2701 9.264 9.263 1s25d(2D) 1.4412 1.441 1.441
1s23s(2S) 4.3191 4.318 4.316 1s25 f (2Fo) 1.4401 1.440
1s23p(2Po) 4.0806 4.081 4.078 1s25g(2G) 1.4400 1.440
1s23d(2D) 4.0037 4.007 4.003 1s26s(2S) 1.0382 1.038 1.038
1s24s(2S) 2.3812 2.380 2.380 1s26p(2Po) 1.0104 1.010 1.010
1s24p(2Po) 2.2839 2.283 2.283 1s26d(2D) 1.0008 1.001 1.001
1s24d(2D) 2.2519 2.252 2.252 1s26 f (2Fo) 1.0000 1.000
1s24 f (2Fo) 2.2501 2.250 1s26g(2G) 1.0000 1.000
1s25s(2S) 1.5065 1.505 1.506 1s26h(2Ho) 0.9999 1.000
O VII: Nb5105 ~present!, 53 ~OP!
1s2(1S) 54.340 54.25 54.27 1s3p(1Po) 5.418 5.417 5.418
1s2s(3S) 13.108 13.09 13.09 1s4s(3S) 3.160 3.158 3.158
1s2p(3Po) 12.549 12.54 12.54 1s4p(3Po) 3.099 3.096 3.097
1s2s(1S) 12.527 12.51 12.51 1s4s(1S) 3.098 3.096 3.096
1s2p(1Po) 12.156 12.14 12.15 1s4d(3D) 3.070 3.064 3.064
1s3s(3S) 5.689 5.677 5.677 1s4 f (3Fo) 3.070 3.063
1s3p(3Po) 5.535 5.526 5.527 1s4d(1D) 3.066 3.062 3.062
1s3s(1S) 5.529 5.522 5.523 1s4 f (1Fo) 3.064 3.063
1s3d(3D) 5.456 5.448 5.448 1s4p(1Po) 3.053 3.051 3.052
1s3d(1D) 5.446 5.444 5.444 1s5s(3S) 2.009 2.008 2.0085-CC expansion, with 3p and 3d as correlation; the n53
correlation effects are thus excluded from their calculations.
Similar to the calculations of O VI, the present bound channel
expansion of O VII includes all states corresponding to con-
figurations 3p2, 3d2, and all two-electron configurations in-
cluding the orbitals up to 4s and 4p .
The photoionization cross sections for O VIII can be ob-
tained in the hydrogenic approximation using a procedure
due to Storey and Hummer @11# and Seaton @12#.
The computations are carried out using the R-matrix
codes developed for the OP @15# and extended for the IP
work @19#. The asymptotic code, STGBF, which computes the
bound-free transition amplitudes was modified to yield par-
tial, state-specific photoionization cross sections with given
initial and final states @13#. The total and the partial cross
sections are computed using different algorithms because of
differences in usage of computer disk storage. Computations
are carried out for all bound states, StLtp tnl , where StLtp t
is a target state and nl is the outer electron with n , theprincipal quantum number going from the ground state to 10
~11 for a few symmetries!, and 0<l<9. States lying above
the first ionization threshold are usually quasibound autoion-
izing states, but may be bound states in pure LS coupling;
such states are not considered in the present work. Identifi-
cation of the calculated states is carried out through detailed
examination of the effective quantum numbers and channel
percentage contributions employing a code ELEVID.
The accuracy of theoretical oscillator strengths for bound-
bound transitions may be determined through lifetime values
obtained from the computed f values. The lifetimes are often
measured with higher precision than the f values. The tran-
sition probability, A ji , from state j to i can be obtained from





2 f i j , ~2.2!
where Ei j is the transition energy in Rydbergs, gi and g j are
PRA 58 3771PHOTOINIZATION CROSS SECTIONS AND . . .TABLE III. f values of oxygen ions. Present calculated f values are referred to as P . N f is the total number of f values for bound-bound
transitions below the ionization threshold obtained in this work and under the OP.
Transition f i f
Theor. Expt.
O I: N f51264 (P), 836 ~OP!
2p4(3P)!2p33s(3So) 0.0547@P# ,0.0519 @2#,0.0529 @23#,0.0537 @24# 0.048 @26#,0.048 @29#,0.047 @31#, 0.048 @35#
2p4(3P)!2p33s(3Po) 0.081@P# ,0.0794 @2#,0.0791 @24# 0.086~0.006! @26#
2p4(3P)!2p33s(3Do) 0.058@P# ,0.0584 @23#,0.0558 @24# 0.061~0.006! @26#,0.049 @29#,0.054 @31#,0.052 @25#,
0.062 @35#,0.049 @34#,0.057 @30#
2p4(3P)!2p34s(3So) 0.0084@P# ,0.0091 @2#,0.00909 @23#,0.0092 @24# 0.01~0.002! @26#,0.014 @29#,0.0096 @25#
2p4(3P)!2p33d(3Do) 0.023@P# ,0.0189 @2#,0.0212 @23#,0.0203 @24# 0.019~0.001! @26#,0.029 @29#
2p4(3P)!2s2p5(3Po) 0.0612@P# ,0.0624 @2#,0.0695 @24# 0.07~0.004! @26#
2p4(1D)!2p33s(1Po) 0.048@P# ,0.046 @2#,0.0484 @24# 0.044~0.026! @25#
2p4(1D)!2p33s(1Do) 0.105@P# ,0.108 @2#,0.109 @24# 0.098 @25#,0.112 @35#,0.104 @31#,0.104 @33#,0.099 @34#
O II: N f58603 (P), 7826 ~OP!
2s22p3(4So)!2s2p4(4P) 0.271@P# ,0.265 @3#, 0.270 @47#
O III: N f58148 (P), 7740 ~OP!
2s22p2(3P)!2s2p3(3Do) 0.108@P# ,0.105 @5#
2s22p2(3P)!2s2p3(3Po) 0.143@P# ,0.135 @5#
O IV: N f51940 (P), 1790 ~OP!
2s22p(2Po)!2s2p2(2S) 0.071@P# ,0.067 @7# 0.052~0.11! @54#,0.092~0.028! @52#,0.071~0.008! @33#,
0.064~0.004! @34#,0.080 @28#
O sc v: N f52630 (P), 2294 ~OP!
2s2(1S)!2s2p(1Po) 0.522@P# ,0.522 @8# 0.53~0.02! @56#
O VI: N f5594 (P), 306 ~OP!
2s(2S)!2p(2Po) 0.198@P# ,0.198 @9# 0.19~0.04! @54#
O VII: N f51172 (P), 630 ~OP!
1s2s(1S)!1s2p(1Po) 0.6939@P# ,0.6944 @58#,0.695 @10#the statistical weights of the initial and final states, and a is
the fine-structure constant. Once the A values from an upper
state j to all lower states are known, the lifetime of the state





where A j5( iA ji is the total radiative transition probability
for the state j .
The Rydberg series of autoionizing resonances in the
photoionization cross sections are resolved in detail as ex-
plained in Ref. @6#. The resonance structures are re-
solved with Dn50.01 up to effective quantum number, n
510. n, relative to the threshold of convergence, is n(E)
5z/A(E2Et) ~in Rydberg! where Et is the target threshold
energy and E is the continuum electron energy. The near
threshold resonances that contribute predominantly to low-
temperature recombination are resolved on a much finer en-
ergy mesh with typically 2000 energies just above the ion-
ization threshold. The resonance profiles decrease in widthwith increase of the effective quantum number as n23. The
dense, narrow resonances in the energy region between n.
10 and the corresponding target threshold are averaged over
using the Gailitis averaging procedure @6#.
III. RESULTS AND DISCUSSIONS
The radiative processes in oxygen are studied through all
ionization stages. Comparisons and important features for
each ion, in particular with those evaluated and compiled
recently by the National Institute of Standards and Technol-
ogy ~NIST! @37# are discussed. The computed atomic param-
eters, the term energies (E), oscillator strengths ( f values!,
and photoionization cross sections, sPI , for the oxygen ions,
O I–O VII, are expected to be of higher accuracy and provide
a more extensive radiative dataset than the previous works.
Therefore considerable effort is devoted to ascertain the ac-
curacy of the individual quantities in comparison with ex-
perimental data, wherever available, and the best theoretical
calculations so far. Each quantity is described in separate
subsections below.




2p33s(3So) 1.61@P# ,1.61 @2#,1.61 @23# 1.8~2! @33#,1.8 @29#,1.79~17! @35#,1.7~2! @27#,
1.70~14! @28#
2p33s(3Do) 4.11@P# ,4.39 @2#,4.19 @23# 3.94~22! @35#,5.0~4! @34#,4.5~4! @31#
2p34s(3So) 5.74@P# ,5.26 @2#,5.24 @23# 4 @29#
2p35s(3So) 13.56@P# ,12.5 @2#,12 @24# 17~3! @40#
2p36s(3So) 26.59@P# ,24.4 @2#,25 @24# 24~3! @40#
2p33p(3P) 27.40@P# ,32.9 @2#,29.68 @23#,30 @24# 39.1~1.4! @32#,36~4! @40#,40~3! @36#
2p33p(5P) 26.24@P# ,29.7 @2#,26.99 @23# 39~2! @36#
2p34p(5P) 198.78@P# ,201 @2#,189.7 @23# 193~10! @36#,194~19! @39#
2p34p(3P) 161.48@P# ,175.4 @23#,177 @2# 153~10! @36#,161~19! @39#
2p33d(3Do) 8.67@P# ,9.0 @23#,9.89 @2# 9.0 @29#
2p34d(3Do) 28.77@P# ,13.5 @2#,16.85 @23#,15 @24# 23~3! @40#,20 @29#
2p34d(5Do) 72.43@P# ,73.9 @2#,72.2 @23# 96~4! @29#,95~9! @39#
2p35d(3Do) 27.50@P# ,31.8 @2#, 15 @24# 36~4! @40#
O II
2p23s(b4Pe) 0.987@P# ,0.956 @3#,1.03 @47# 0.9~0.3! @33#,0.89~0.05! @34#,0.083~0.21! @28#
2p23s(a2Pe) 0.252@P# ,0.247 @3#,0.246 @47# 0.262~0.013! @34#,0.27~0.01! @28#
2p2(3P)3p(y4So) 4.55@P# ,4.40 @3#,4.17 @47# 4.8~0.2! @41#,4.8 @43#,5.6 @43#
2p23p(z4Po) 7.24@P# ,6.97 @3#,6.82 @47# 8.8~1.8! @42#,6.04~0.34! @46#,8.12 @27#,8.1 @43#
2p23p(z4Do) 12.1@P# ,11.7 @3#,10.95 @47# 13.7 @43#,15.1~0.8! @44#
2p2(3P)3p(y2Po) 7.49@P# ,7.36 @3#,7.49 @47# 7.3~0.3! @46#,6.8~0.1! @45#,7.1 @43#,9.2~0.1! @44#,
6.0~0.5! @41#,6.01 @42#
2p2(1D)3p(x2Po) 4.80@P# ,4.95 @3#,4.12 @47# 4.8~0.2! @34#,4.96~0.25! @28#,4.9 @43#
2p2(3P)3p(y2Do) 10.8@P# ,10.8 @3#,10.8 @47# 9.5~5! @42#,11.6~0.3! @44#,11.85 @27#
2p2(1D)3p(x2Do) 7.25@P# ,7.47 @3#,6.25 @47# 9.2~0.4! @44#,3.7~0.3! @41#,3.72 @42#
2p23p(z2Fo) 9.78@P# ,10.5 @3#,8.85 @47# 9.86~0.5! @45#,10~1! @41#,10.5~1.2! @42#
2s2p4(a4Pe) 1.15@P# ,1.19 @3#,1.14 @47# 1.2~0.2! @31#,1.26~0.1! @35#
2s2p4(a2Se) 0.181@P# ,0.189 @3#,0.184 @47# 0.203~0.007! @34#,0.21~0.01! @51#,0.25~0.03! @33#
2s2p4(b2Pe) 0.132@P# ,0.133 @3#,0.134 @47# 0.14~0.011! @34#,0.16~0.02! @28#,0.12~0.03! @33#
2s2p4(a2De) 0.428@P# ,0.447 @3#,0.44 @47# 0.4~0.1! @31#,0.45~0.04! @33#,0.44~0.08! @35#,
0.44~0.04! @34#
2p23d(c4Pe) 0.224@P# ,0.209 @3#,0.236 @47# 0.26~0.02! @50#
2p23d(a4De) 4.58@P# ,4.77 @3#,1.55 @47# 4.46 @42#,2.9 @43#
2p23d(a4Fe) 4.75@P# ,5.0 @3# 4.92 @47# 4.9 @43#,8.4~0.5! @42#
2p23d(a2Fe) 0.397@P# ,0.375 @3#,0.419 @47# 0.38~0.03! @50#,0.37~0.05! @28#
O III
2p3s(y1Po) 0.228@P# ,0.215 @5#,0.226 @48# 0.17~0.01! @49#,0.227~0.011! @50#
2p3s(y3Po) 0.262@P# ,0.253 @5# 0.266~0.011! @50#
2p4s(w1Po) 0.351@P# ,0.320 @5# 0.350 @34#
2s2p3(z1Po) 0.080@P# ,0.090 @5# 0.087~0.006! @34#
2s2p3(z1Do) 0.175@P# ,0.183 @5# 0.2~0.05! @34#,0.2 @54#
2s2p3(z3So) 0.064@P# ,0.069 @5# 0.079~0.04! @34#
2s2p3(z3Po) 0.484@P# ,0.530 @5# 0.575~0.018! @34#
2s2p3(z3Do) 1.57@P# ,1.63 @5# 1.61~0.07! @34#
2p3p(a3Se) 2.19@P# ,2.15 @5# 2.85~0.46! @45#
2p3p(c3Pe) 3.83@P# ,2.77 @5# 3.03~0.18! @52#
2p3p(a3De) 5.11@P# ,4.94 @5# 4.62~0.24! @52#
2s2p23s(a5Pe) 0.306@P# ,0.302 @5# 0.32~0.03! @50#




2s23s(b2Se) 0.131@P# ,0.125 @7# 0.137~0.01! @50#
2s2p3s(x2Po) 1.40@P# ,0.144 @7# 1.41~0.05! @50#
2s2p3s(z4Po) 0.0983@P# ,0.0966 @7# 0.101~0.005! @50#
2s2p2(a2Se) 0.249@P# ,0.266 @7# 0.36~0.08! @53#,0.29~0.2! @34#
2s2p4 f (a4Ge) 0.245@P# ,0.244 @7# 0.24~0.03! @30#
O V
2s2p(1Po) 0.333@P# ,0.333 @8# 0.336~0.015! @56#,0.38~0.02! @34#
2p2(1S) 0.242@P# ,0.237 @8# 0.29~0.03! @33#,0.28~0.02! @34#,0.285~0.03! @57#
2p2(3P) 0.436@P# ,0.434 @8# 0.45~0.03! @34#
2p2(1D) 3.05@P# ,3.05 @8# 3.2~0.2! @33#,2.7~0.2! @34#
6h(z1Ho) 0.971@P# 1.0~0.1! @55#
O VI
2p(z2Po) 2.45@P# ,2.45 @34# 2.5 @54#
7 f (w2Fo) 0.291@P# 0.31~0.02! @55#
O VII
1s3s(b3S) 44.3@P# 65~6! @59#
1s3p(y3Po) 18.75@P# 19.2~2! @59#,21 @60#
1s4p(x3Po) 31.64@P# 31.2~2! @59#
1s3d(a1D) 6.57@P# 8~1.5! @59#,12 @60#
1s4d(b1D) 15.51@P# 16.2~1.5! @59#
1s5d(c1D) 29.97@P# 28~2! @59#
1s3d(a3D) 6.20@P# 7~1! @59#,15 @60#
1s4d(b3D) 14.29@P# 16~1.5! @59#,21 @60#
1s5d(c3D) 27.49@P# 31~3! @59#
1s6d(d3D) 46.76@P# 47~3! @59#A. Energies
Comparison of the first 20 lowest bound states of each ion
is made in Table II. The total number of calculated bound
states, Nb , below the ionization threshold with n<10 and
l <(n21) is quoted for each ion in the table. The OP num-
bers are also given for comparison. Present calculated ener-
gies for O I are of comparable accuracy with those by Butler
and Zeippen @2# in agreement with the observed ones @21#.
Present work obtains 107 bound states of O I below the ion-
ization threshold, compared to 69 obtained in their work. The
12-CC eigenfunction expansion has resulted in 296 possible
bound states of O II below the ionization threshold, which is
77 more than the 219 obtained in the most detailed previous
study by Burke and Lennon @3#. Comparison of the energies
in Table II shows good agreement, slightly better for most
cases than those by the previous calculated values @3#, with
the measured values @22#. The 23-CC eigenfunction expan-
sion, including states from the n53 complex, is consider-
ably larger than the 8-CC expansion used by Luo et al. @5# in
the most intensive study prior to this work. The computed
energies for the 296 bound states of O III below the ioniza-
tion threshold ~compared to 267 in the earlier work! agree
well with the experimentally measured values @21#. The cal-
culations for O IV using a 12-CC eigenfunction expansionhave resulted in a total of 109 bound states. The energies are
compared with the 6-CC calculations by Fernley et al. @7#.
Present energies agree very well with those of Fernley et al.
and of the measured ones @21#. However, a few excited
states with excited core state 2s2p(1Po), e.g.,
2s2p(1Po)3s(2Po), show larger difference, 7% for the
specified state, compared to those by Fernley et al. The
present energies for O V are in very good agreement with the
measured values @21# as well as with those by Tully et al.
@8#. The earlier 2-CC calculations for O VI by Peach et al. @9#
is limited to states with highest angular momentum of L
52. Present 11-CC calculations obtain 51 bound states,
which are in very good agreement with the measured values
@21#. The calculated energies of O VII obtained using 10-CC
calculations are also in very good agreement with the mea-
sured values @21#.
B. Oscillator strengths and lifetimes
The oscillator strengths ( f values! and photoionization
cross sections are obtained in a consistent manner to reduce
the uncertainties in various applications, such as in total pho-
toabsorption and electron-ion recombination processes,
where both quantities are needed. It is also important to cal-
3774 PRA 58SULTANA N. NAHARFIG. 1. Total photoionization cross sections sPI of the ground state of oxygen ions, solid curves: present work; dotted curves: OP: ~a! O I
~OP Ref. @2#!, the filled ~new! and open ~earlier! circles are the measured values of Angel and Samson @38#; ~b! O II ~OP Ref. @3#!; ~c! O III
~OP Ref. @5#!; ~d! O IV ~OP Ref. @7#!; ~e! O V ~OP Ref. @8#!; ~f! O VI ~OP Ref. @9#!; ~g! O VII ~OP Ref. @10#!. Arrows point to various target
states.culate a more complete set of radiative transition probabili-
ties as required by collisional-radiative models for accurate
analysis of spectra from astrophysical and laboratory plas-
mas. The number of transitions obtained for each ion in the
present work is much larger than the existing data for these
ions. The f values for the oxygen ions are compared with the
available experimental and accurate calculated values in
Table III. Although a large number of f values are obtained,
including those for transitions among bound and quasiboundstates, only those transitions among pure bound-bound states
are discussed and presented. Total number of transitions, N f ,
below the ionization threshold for each ion is specified in
Table III. Comparison of lifetimes obtained from the f values
is given in Table IV. There are more measured values of
lifetime available than the f values.
Present f values for O I are in good agreement with those
of Butler and Zeippen @2# and of atomic structure calcula-
tions of Hibbert et al. @23# for most of the transitions, such as
PRA 58 3775PHOTOINIZATION CROSS SECTIONS AND . . .for transitions 2p4(3P)!2p33s(3Do) and 2p4(1D)
!2p33s(1Do) ~Table III!. The f values are within the range
of the measured values except for the resonant ~i.e., the low-
est dipole! transition, 2p4(3P)!2p33s(3So), for which the
present value is about 14% higher and Ref. @2#, which is
rated to be accurate to within 3% by the NIST compilation
@37#, is 9% higher than the measured value. The calculated
lifetimes derived from the f values are in good agreement
with the calculated values of Refs. @2# and @23# and within or
close to the measured values for most of the states. Although
the calculated values are consistent with each other for states
such as 2p34s(3So), 2p33p(5Po), and 2p34d(5Do), they
differ from the measured values, e.g., the present lifetime for
2p34s(3So) differs from the other calculated values by 4%
but is higher than the measured value by 37%. The number
of oscillator strengths obtained for bound-bound transitions
below the ionization threshold for O I is 1264, which is about
50% more than 836 obtained by Butler and Zeippen @2#.
Comparison of O II f values shows that the present f value,
0.271, for the resonant transition 2s22p3(4So)
!2s2p4(4P) agrees quite well with the value 0.270 ob-
tained by Bell et al. @47#, that has been rated to be accurate
to within 10% by NIST @37#; the Ref. @3# value is also close,
0.265. The computed lifetimes are within the measured val-
ues of various experiments, with a few exceptions ~Table
IV!. Among the states with large discrepancies is the
2p23p(z4Do) for which the present lifetime is 12.1 ns and is
lower than the measured values of 13.7 ns @43# and 15.1~0.8!
ns @44#, but still is in slightly better agreement with the mea-
sured values than the calculated values of 11.7 ns by Burke
and Lennon @3#, and 10.95 ns by Bell et al. @47#. Number of
oscillator strengths in this work, 8603, is also larger than
7826 obtained in Ref. @3#.
The f values for the transitions 2s22p2(3P)
!2s2p3(3Po,3Do) of O III agree very well with Luo and
Pradhan @5# values, rated accurate within 3% by NIST @37#.
The lifetime values agree within the uncertainty of the ex-
perimental values for most of the states in Table IV. The
largest discrepancy is seen to be with state 2p3p(c3Pe), for
which the present lifetime is 3.83 ns compared to the mea-
sured value of 3.03~0.18! ns @52# and 2.77 ns obtianed by
Luo and Pradhan. The lifetime for the 2p3s(1Po) state of
O III has been measured using a beam-foil technique by Pin-
nington et al. @51# and more recently by Baudinet-Robinet
et al. @49#. The calculated lifetime for this state agrees with
Pinnington et al. and other theories, such as with Luo and
Pradhan @5# and Aggrawal and Hibbert @48#, but is higher
than the recent measured value by about 23%.
The f value and lifetimes for O IV are well within or
close to the available calculated and measured values. The
present f value for the transition 2p(2Po)!2s2p2(2S)
~Table III! and the lifetimes of states 2s23s(2S),
2s2p3s(2Po,4Po), 2s2p4 f (4G) ~Table IV! are all within
the measured values of the various experiments except the
lifetime of 2s2p2(2S), which is lower than the measured
values by 7–11 %.
The f value for the resonant transition of O V, 2s2(1S)
!2s2p(1Po), agrees very well with other calculated values
and the measured value. The lifetimes are also show very
good agreement between the calculated and measured values
~Table IV!, except for the lifetime of 2p2(1S) for which bothcalculations yield 0.24 ns, which is 8% lower than the lowest
of the measured values, 0.26 ns.
The number of present f values obtained for transitions
among the bound states below the ionization threshold of
O VI is 594 compared to 306 obtained by Peach et al. @9#.
The f value for the resonant transition 1s22s(2S)
!1s22p(2Po) agrees very well with other calculated values.
The lifetimes of 2p(2Po) and 7 f (2Fo) states are also within
the experimentally measured values.
The present f value, 0.694, for the resonant transition of
O VII, 1s2(1S)!1s2p(1Po), agrees very well with the
variationally determined relativistic calculations of Cann and
Thakkar @58#, 0.6944, rated accurate within 1% by NIST
compilation @37#, as well as with that of Fernley et al. @10#.
The lifetimes are compared with the latest beam-foil mea-
surements of Trabert et al. @59# and Buchet et al. @60# who
also used a beam-foil technique. Present lifetimes agree very
well with the latest values of Trabert et al. except for the
state 1s3s(3S) where the lower limit of the measured value
is 25% higher than the calculated value.
C. Photoionization
As a function of photon energy, both the forms of sPI are
obtained: the total cross section for leaving the residual core
ion in all accessible target states in the CC expansion, and
the partial cross section leaving the core ion in the ground
state alone. Total cross sections are needed in applications,
such as in plasma ionization balance equations in photoion-
ization equilibrium, and the partial cross sections are needed
in applications, such as in the calculations of recombination
cross sections where an incident electron combines with an
ion in its ground state. The number of bound states for which
total sPI are obtained is the same as the number of possible
bound states, Nb . However, the number of partial photoion-
ization cross sections is usually less than that of the total
photoionization cross sections since not all the bound states
of an ion may couple to the ground state of the residual ion.
1. Ground-state photoionization
Ground-state photoionization cross sections usually have
less resonance features compared to those of excited states.
Present photoionization cross sections, sPI , for the ground
state of each ion do not differ considerably in the back-
ground, except for O VI, from the earlier calculations al-
though different eigenfunction expansions have been used.
The cross sections are shown in Figs. 1~a!–1~g! where the
solid curves are the present values and the dotted ones are
from earlier works. (sPI of H-like O VIII can be obtained
from TOPbase.! In Fig. 1, the ionization threshold as well as
various target thresholds are pointed out by arrows. They
display the relevant features such as the convergence of Ryd-
berg series of resonances on to the individual excited states
of the target ion; for example convergence at the 2s2p4(4P)
threshold of O II in the photoionization of O I @Fig. 1~a!# and
at 2s2p3(5So) threshold of O III for sPI of O II @Fig. 1~b!#.
Some significant features of the cross sections are seen.
sPI of O I exhibits a considerable rise at the threshold
2p3(2Po) of O II @Fig. 1~a!#. Similar enhancement is seen at
the 2s2p(3Po) threshold for O IV @Fig. 1~d!#. The large en-
hancement for O VI cross sections at the 1s2p(2Po) thresh-
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cross sections of the ground state
of O III leaving the residual ion in
the states specified in each panel.old, differing considerably from the earlier work @Fig. 1~f!# is
due to the opening of the 1s shell of the core ion O VII.
There have been several experimental measurements of
the ground-state photoionization cross section of O I, most
recently by Angel and Samson @38# using a synchrotron ra-
diation source. However, recent experiments show a persis-
tent disagreement with the best theoretical calculations to
date ~e.g., @2,18#! using the CC approximation. Comparison
of theoretical and measured values is presented in Fig. 1~a!
where the solid curve represents the present cross sections,
the dotted one those of Butler and Zeippen @2#. The cross
sections of Bell et al. also agrees closely with the present
calculated values. The filled circles are the new measured
values and the open circles are the previous measured values
fitted to new data by Angel and Sampon @38#. The discrep-
ancies are twofold: ~i! in the near-threshold region the ex-
perimental values are approximately 37% lower, and ~ii! a
‘‘hump’’ feature above the 2p3(2Po) threshold observed in
the experimental results but not in the theoretical calcula-
tions. Further investigation is required.Comparison with the earlier calculations shows generally
good agreement for most of the oxygen ions. However, sig-
nificant differences are found in the resonance structures in
the near threshold regions for O III, O IV, and O V, which will
affect photoionization and recombination rates at very low
temperatures. Present cross sections also show more narrow
resonances on otherwise smooth backgrounds in the high-
energy region because of the added terms in the target ex-
pansions. The large difference in O VI, Fig. 1~f!, is due to
negligence of the excited correlation terms by Peach et al.
@9#, thereby underestimating the cross sections by a consid-
erable amount in the high-energy region.
Photoionization cross sections for O VII should be of par-
ticular interest in x-ray spectroscopy of laboratory and astro-
physical sources since the He-like ionization stages emit co-
piously in the x ray; the ionization balance calculations in
radiatively ionized sources require accurate photoionization
cross sections at high energies. The earlier work for O VII by
Fernley et al. @10# employs essentially a one-state calculation
~their 2-CC calculation consisted of one excited pseu-
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present photoionization cross sec-
tions sPI of excited states ~in the
bottom panel of each subplot! for
the oxygen ions with those of the
OP ~upper panels!: ~a!
2p33s(5So) state of O I ~OP Ref.
@2#!, ~b! 2p23s(4P) state of O II
~OP Ref. @3#!, ~c! 2p3s(1Po) state
of O III ~OP Ref. @5#!, ~d!
2s2p3s(4Po) state of O IV ~OP
Ref. @7#!, ~e! 2s6d(1D) state of
O V ~OP Ref. @8#!, ~f! 1s22p(2Po)
state of O VI ~OP Ref. @9#!, ~g!
1s2s(1S) of O VII ~OP Ref. @10#!.dostate!, and therefore no resonance structures is included
@lowest panel of Fig. 1~g!#. We discuss photoionization of
O VII in some more detail in the following subsection.
2. Relativistic and radiation damping effects
For a highly charged ion, two factors may become impor-
tant for computation of sPI : ~i! the relativistic and ~ii! the
radiation damping effects, in which case LS coupling may
not be a good approximation. Relativistic effects will intro-
duce more resonances because of fine structure splitting of
core LS states. Radiation damping of the quasibound states
will reduce the autoionization probability lowering the peaks
of the resonances. We investigate both of these effects on
O VII in Ref. @61# using the Breit-Pauli approximation for
relativistic effects @62# and radiative damping of resonances
in photoionization cross sections @63#. O VII is a highly
charged ion with a H-like residual core that has compara-
tively high radiative decay rates (;1012 sec21) for dipole
transitions between the lowest core levels. Although the ra-
diative decay rate is still lower than the typical autoioniza-tion rate of ;1014 sec21, the autoionizing resonances are
expected to undergo some radiative damping and their effect
in enhancing the photoionization cross section would be re-
duced.
Figure 1~g! has four panels that present ground-state
photoionization cross sections of O VII obtained ~i! in the
relativistic Breit-Pauli ~BP! approximation using a 16-CC
expansion ~BP, top panel!, ~ii! in BP approximation, but in-
cluding radiation damping effects ~BPD, second panel!, and
~iii! in LS coupling (LS , third panel! all of which look very
similar. (sPI in the fourth panel under the OP is stated in the
above section.! The resonance peaks in BP and BPD have
about the same heights, indicating negligible radiation damp-
ing. Although very similar in features, small differences can
be noticed in sPI between BPD ~or BP! and LS , such as the
last peak which is high in BP and BPD, but is much lower in
LS . Resonances that are even narrower than the ones shown
~i.e., with smaller autoionization width!, may undergo radia-
tion damping but that effect on the photoionization cross
sections would be negligible. The overall effect of these
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.small differences is further investigated in applications such
as on total electron-ion recombination cross sections @61#
and rates @65#. The BP rates without the radiation damping
effect are larger than those in LS coupling. However, inclu-
sion of the damping of resonances reduces these rates back to
roughly those in LS coupling; the maximum difference be-
tween the two sets is only about 6% @65#. The fine structure
and resonance damping operate in an opposite manner and
their combined effect does not make any significant contri-
butions to the photoionization cross sections of oxygen ions.
3. Partial cross sections
The partial cross sections for photoionization of the
ground state into the ground and various excited states of the
residual core ion are needed in the determination of level
populations in non-local-thermodynamic-equilibrium ~non-
LTE! atomic models of plasma sources. The dominant ion-
ization is usually into the ground state of the core, with crosssections almost equal to that of the total over a wide energy
range. An illustrative example is shown in Fig. 2 for O III.
O III is one of the most important ions in gaseous nebulae
and other astrophysical objects @64#. Each panel in Fig. 2
corresponds to photoionization with the resultant core state
specified in the panel. Although the background partial cross
sections with excited cores are much weaker than those with
the ground core, extensive resonance structures in these cross
sections correspond to strong autoionization into these ex-
cited levels.
4. z dependence
Hydrogenic atomic systems exhibit z- ~ion charge! depen-
dent behavior; their energies vary as z2/n2, the transition
probabilities for bound-bound and bound-free transitions
vary as z2/n3. Hence, it of interest to find whether any such
trend exists in a sequence with increasing ion charge so that
predictions can be made for the higher charged members. In
PRA 58 3779PHOTOINIZATION CROSS SECTIONS AND . . .FIG. 3. ~Continued!.contrast to hydrogenic systems multielectron systems are af-
fected by the complex electron-electron correlations that
modify the attractive nuclear Coulomb force of the ion. Also
the quasibound states of the Rydberg series belonging to
excited core thresholds of multielectron systems introduce
resonance structures in the collision processes. However, an
isoelectronic sequence of ions, for which the number of elec-
trons remains the same, shows some z-dependent behavior
for some cases such as in ground-state photoionization cross
sections @6#. The behavior is usually more prominent when
the ion charge is higher, i.e., when the nuclear Coulomb
force is comparatively stronger. In a previous study of back-
ground cross sections of ground-state photoionization of
highly charged carbon isoelectronic sequence, we found
z2-dependent behavior for the more highly charged members
@6#. In order to discern any such behavior for an isonuclear
sequence, similar studies with z- and z2-scaled cross sections
are carried out for the present case. However, with the ex-
ception of the background cross sections decreasing system-atically with increasing ion charge, no z-dependent behavior
is revealed for the oxygen isonuclear sequence. This shows
that the electron correlation effects associated with the spe-
cific configuration in each ion determines the photoionization
rather than the effective nuclear charge as in an isoelectronic
sequence.
D. Excited-state photoionization
Excited-state photoionization cross sections obtained in
the present work for the oxygen ions exhibit more extensive
resonances, and often more enhanced background, in the
high-energy region than the earlier works, e.g., in the OP
calculations. Examples illustrating new features in compari-
son with the earlier calculations are presented in Figs. 3~a!–
3~g! where the top panels present the work under the OP and
lower ones the present work.
Figure 3~a! shows the comparison of photoionization
cross sections of the excited metastable state, 2p33s(5So) of
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sions that were excluded in the earlier work by @2# but in-
cluded by Bell et al. @18#. However, Bell et al. confined their
study only to the three states of the ground configuration
2s22p4. Correlation of the n53 states provide important
contributions by enhancing the background cross sections, as
well as introducing more resonances.
The photoionization cross sections of excited O II states,
especially the ones above the lowest state of a given symme-
try, SLp , show a considerable difference from the calcula-
tions of Burke and Lennon @3# in the high-energy region. The
difference is mainly due to inclusion n53 states in the target
expansion. Figure 3~b! shows the photoionization cross sec-
tions of the excited 2s22p23s(4Pe) state of O II. The struc-
tures in both the panels look very similar until the target
threshold 2s2p3(1Po) above which the resonances due to 3s
states, 2p3s(3Po,1Po), enhance the background cross sec-
tions by more than an order of magnitude compared to that
of Ref. @3# in the high-energy region.
Inclusion of more states in the wave-function expansion
of O III shows pronounced effects in the photoionization
cross sections of excited states. Figure 3~c! presents sPI for
the excited 2p3s(1Po) state of O III, which is compared with
that of Luo and Pradhan @5#. The increment in the number of
target states increases the resonances in sPI due to the doubly
excited autoionizing Rydberg series of states belonging to
the target thresholds.
FIG. 4. Photoionization cross sections sPI of the Rydberg series
of bound states of O IV, 2s2nd(2D), with 4d<nd<10d . The PEC
resonances, indicated by the arrows in each panel, are due to the
dipole core transitions 2p3(4So)!2s2p4(4P) and 2p23s(4P) in
O V ~with the exception of the top panel the upper limit is not
shown on the y axis!.Photoionization cross sections of O IV also include more
resonances from the Rydberg series belonging to higher tar-
get states than in Ref. @7#. An example is sPI of the excited
2s2p3s(4Po) state shown and compared in Fig. 3~d!. The
additional resonances in the present sPI raise the effective
background cross sections by up to a factor of 7 in the high-
energy region.
Photoionization cross sections of a comparatively highly
excited state, 2s6d(1D) of O V, are compared with those of
Tully et al. in Fig. 3~e! to illustrate the effects of target states
of a higher complex in the high-energy region. sPI in both
panels are similar in feature, except for the difference in the
resolution of resonances, up to an energy 6.15 Ry of target
state 1s23d(2D). However, beyond this energy, while the
earlier cross sections decrease smoothly in the high-energy
region, the present cross sections show extensive resonances
due to Rydberg series of autoionizing states belonging to the
target thresholds of the n54 complex, and enhanced back-
ground cross section by over a factor of 4. It may also be
noted that there are two narrow gaps of missing cross sec-
tions in the OP cross section, right below the target thresh-
olds of 2p(2Po) (;1.5 Ry photon energy! and of
3p(2Po) (; 6.6 Ry of photon energy!. Such gaps exist in
their cross sections for some other excited states of O V;
these gaps were introduced by computational errors during
Gailitis averaging of resonances below these thresholds.
Hence the present cross sections of O V are more complete
and accurate than those of Tully et al., which are currently
the best ones available as part of the OP data in TOPbase @4#.
Photoionization cross sections, sPI , of the excited
1s22p(1Po) state of O VI is shown in Fig. 3~f! and compared
with those by Peach et al. @9#. sPI decreases monotonically
in the low-energy region before the Rydberg series of reso-
nances begin to appear. The resonances enhance the back-
ground cross section considerably as the inner-shell ioniza-
tion turns on. However, the earlier cross section by Peach
et al. @9# continues to decay with energies and miss out all
the resonances and the enhancement. As mentioned before,
their 2-CC calculation is in fact a one-state calculation and
does not include any correlation effects, and thereby under-
estimates sPI considerably at higher energies.
Photoionization cross section of a hydrogenic ion, such as
O VII, has a long smooth curve without any resonances that
decrease monotonically with energy since the excited target
states are quite high from the ground state. However, as the
photon energy approaches near the excited core states, high
but narrow resonances of Rydberg series of autoionizing
states appear and the effective cross section can be enhanced
considerably in the high-energy region. These are seen in sPI
for the low-lying state, 1s2s(1S), of O VII @bottom panel of
Fig. 3~g!#. There are no resonance structures or enhancement
in the results by Fernley et al. @10# @top panel of Fig. 3~g!#
since ~as for O VI! no higher target states were included.
Finally, an example of the effect of PEC resonances in the
photoionization cross sections of excited states is shown in
Fig. 4. PECs are large structures in photoionization cross
sections at high energies. Their contributions to various ap-
plications may be significant in the high-energy region. Fig-
ure 4 presents sPI of the series of excited states, 2s2nd(2D)
where 4d<nd<10d , of O VI. The arrows point to the ener-
gies of the PEC resonances corresponding to the dipole al-
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states 2s2p(1Po) and 2s3p(1Po). The attenuation of the
background cross sections by orders of magnitude is evident.
It may be noted that the entire complex of resonances due to
the target n53 states, beyond 2.62 Ry in photoelectron en-
ergy, is missing from the OP data.
IV. CONCLUSION
A comprehensive study of radiative processes in the oxy-
gen isonuclear sequence, O I–O VII, is carried out using the
R-matrix method. Consistent and extensive sets of atomic
parameters E , f values, and sPI are obtained. Present CC
eigenfunction expansions are more complete than those used
in the previous calculations. A much larger amount of radia-
tive data are obtained than that of the existing OP data ~such
as present in the database TOPbase @4#!, and should provide
more complete datasets for the analysis of astrophysical and
laboratory spectra. The level of accuracy of the energy val-
ues and the oscillator strengths are better than or comparable
to those of the existing values. However, wave function ex-
pansions employed yield photoionization cross sections with
important features that are missing from earlier results. Inparticular, the high-energy region sPI reveals that the earlier
cross sections have been underestimated for many excited
bound states and important PEC features are missing. It may
now be possible to investigate cross sections experimentally
with advanced technology. Present results have been imple-
mented in the calculations of total recombination rate coef-
ficients and ionization fractions in plasmas in coronal equi-
librium @65#.
TOPbase may be accessed via telnet as follows: ~i! In
USA, IP: 128.183.101.54 or topbase.gsfc.nasa.gov, login:
topbase, pw: Seaton1; ~ii! in Europe ~at CDS!, IP:
130.79.128.5, login: topbase, pw: Seaton1.
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